The 3,4-substituted 2-oxo-piperazines 5 -9 are obtained by [3+2] cycloaddition from nitrone 1 and a variety of alkenes. Subsequent functionalization of the bicyclic adducts involves reductive N-O bond cleavage. A route towards libraries of immobilized 1,3-aminoalcohols with a 3,4-substituted 2-oxo-piperazine scaffold is briefly discussed for adducts derived from N-substituted maleic imides.
Introduction
In medicinal and agricultural chemistry heterocycles are among the target molecules for synthesizing libraries of compounds for finding lead structures. This is also the case for 2-oxo-piperazines and derivatives, which are privileged biologically active scaffolds and promising pharmaceutical target molecules [1] . From a medicinal standpoint the fields of applications are numerous, e. g. 2-oxo-piperazines were successfully investigated as farnesyl-protein transferase inhibitors, fXa inhibitors or non-peptide GPII antagonists [2] . Members of this class of compounds were investigated as nucleoside analogs [3] . They were found to display antiviral activity against a mammalian retrovirus [4] . Furthermore, 2-oxo-piperazines are promising scaffolds in the treatment of asthma and bronchitis [5] .
Recently, we have reported [3+2] cycloaddition reactions of a polymer-bound 2-oxo-piperazine-derived nitrone with alkenes and alkynes furnishing libraries of 3,4-disubstituted and 3,4,5-trisubstituted 2-oxopiperazines [1, 6] . The bicyclic (2-oxo-piperazine)-based isoxazolidines and isoxazolines are well suited for additional functionalization steps starting with N-O bond cleavage furnishing versatile libraries of 2-oxo-piperazines. * Presented in part at the 7 th Conference on Iminium Salts (ImSaT-7), Bartholomä/Ostalbkreis, September 6 -8, 2005. 0932-0776 / 06 / 0400-0431 $ 06.00 c 2006 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com
In this paper we describe exemplarily details for the preparation of 3,4-disubstituted 2-oxo-piperazines in solution. In addition, we present key steps for the preparation of libraries of functionalized 1,3-aminoalcohols from maleic imide-based cycloadducts by reductive N-O bond cleavage on solid support using Mo(CO) 6 .
Results and Discussion
For the [3+2] cycloadditions in solution described here the nitrone 1 was synthesized starting from 2-oxo-piperazine 2 by alkylation of the amide with bromoacetic acid methyl ester followed by deprotection of the Boc-protecting group using trifluoroacetic acid in anisole. The secondary amine was generated prior to oxidation by adjusting a pH-value of 7.5 using triethylamine. Subsequent treatment with 30% aqueous H 2 O 2 (2.2 equiv.) using Na 2 WO 4 × 2H 2 O in methanol as catalyst gave nitrone 1 in 73% isolated yield (Scheme 1) [7] . This proved to be the method of choice, since oxidation with Davis' Reagent [7] (2.0 equiv.) in either CH 2 Cl 2 or CHCl 3 yielded nitrone 1 only in 32 and 34% yield, respectively.
Starting from 5H-furan-2-one and crotonic acid methyl ester the expected cycloadducts 5 and 6 (Scheme 2) were isolated in thermal reactions in good yields, although long reaction times were required (5: 56 h, 6: 42 h). Notably, Yb(OTf) 3 × H 2 O-catalyzed reactions (20 mol%) could be successfully applied to Scheme 1. Synthesis of the nitrone 1.
Scheme 2. [3+2]
Cycloadditions of nitrone 1 with alkenes.
shorten the reaction times (5: 4 h, 6: 14 h). The endoadducts were obtained regioselectively, as confirmed by NOE experiments.
The endo-preference is also very high for [3+2] cycloaddition reactions using 2-vinylpyridine and 4-vinylpyridine (Scheme 2). Only a small amount of exo-8 was detected and structurally assigned. In test reactions we also examined N-phenylmaleic imide as dipolarophile (Scheme 3). The reaction proceeded regioselectively, the resulting adduct 9 was isolated in 66% yield and was treated with Mo(CO) 6 for cleavage of the N-O bond to obtain the 1,3-aminoalcohol 10 (Scheme 3).
Usually Pd/C, Pd(OH) 2 /C or Raney nickel in the presence of H 2 , or zinc in acetic acid are used for N-O bond cleavage in solution phase studies [8] . However, for the preparation of libraries of compounds on solid support using polystyrene resins these methods are not suitable, because of the heterogeneous reaction conditions or insufficient swelling of the resins. For automated solid phase synthesis we also needed to avoid reaction conditions under pressure. Therefore, we turned our attention to a Mo(CO) 6 -mediated (0.7 -6 equiv.) reductive cleavage of the N-O bond in wet acetoni- 
trile at 85 • C [9] . The aminoalcohol 10 was obtained in 38% yield (Scheme 3). Unfortunately, the purification proceeded sluggishly. Generally, only after several manipulations, including separation of the impurities derived from Mo(CO) 6 by hyflow R filtrations, precipitation with ether and a flash-column chromatography prior to a preparative RP-HPLC, pure product was isolated [1, 9] . However, solid phase synthesis can result in an easier purification of intermediates, by removing the excess of reagents applied by simple washing procedures prior to cleavage from the solid. Consequently, we turned our attention next to automated solid phase synthesis without further optimization of solution phase studies.
The polymer-bound nitrone 11 was prepared as previously described [1] . The compound immobilized on Wang resin is stable at r. t. and can be stored on the bench for several months without decomposition. For the synthesis of a library we employed seven Nsubstituted maleic imides. The reactions were carried out in a myriad core system (Mettler Toledo) in dioxane at 65 • C. All cycloadditions proceeded smoothly, as well as the subsequent reductive N-O bond cleavage with 4 equivalents of Mo(CO) 6 followed by cleavage of the 1,3-aminoalcohols from Wang resin using NaOMe.
The products were isolated in good to excellent yields (Scheme 4) compared with solution phase studies. During workup we observed the elimination of water by treatment with NaOMe in MeOH/THF and subsequent evaporation of the solvent with a speed vac concentrator at 60 • C. Thus, we obtained the corresponding unsaturated maleic imides as the only byproducts in minor amounts (analytical RP-HPLC/ MS). Byproduct formation can be avoided by evaporation of the solvent at lower temperature (20 • C). Pure aminoalcohols were isolated after cleavage from the resin by a single purification step using preparative RP-HPLC.
In conclusion, we have demonstrated a preparatively useful access to 3,4-disubstituted 2-oxo-piperazine templates and successfully proven the use of Mo(CO) 6 for N-O bond cleavage in automated solid phase synthesis. This route has already been developed further beneficially as a starting point for more complex transformations for library generation [1, 6] .
Experimental Section

General information
Solvents for the automated synthesis on solid support were used in p. a. quality without further purification. All products were characterized with RP-HPLC/LC-MS after cleavage from the resin. NMR spectra were measured on Bruker spectrometers AC200, AC400, AM400 and DRX500 at 200, 400 and 500 MHz for 1 H and 50.3, 100.6 and 125.7 MHz for 13 C at room temperature. Starting materials, reagents and compound 10 were prepared by following the literature procedure [1] , and products were purified and analyzed by RP-HPLC as previously described by us.
1-Methoxycarbonylmethyl-4-tert-butyloxycarbonyl-2-oxo-piperazine (3): Sodium hydride (1.73 g, 73.0 mmol, 1.15 equiv.) was added in one portion at 0 • C to a stirred solution of 2 (12.70 g, 63.0 mmol, 1.0 equiv.) in 280 ml of DMF. The reaction mixture was maintained at this temperature for 1 h until bromoacetic acid methylester (6.60 ml, 69.0 mmol, 1.10 equiv.) was added. After 20 min at 0 • C the solution was allowed to warm to r. t. and stirring was continued (18 h, TLC monitoring). Then methanol (10 ml), water (10 ml) and brine (180 ml) were added. The organic layer was separated and the aqueous layer was extracted with diethyl ether (1 × 250 ml, 3 × 140 ml). The combined organic phase was dried (MgSO 4 ), filtered and concentrated Nitrone 1: Triethylamine (5.37 ml, 14.20 mmol, 1.1 equiv.) was added dropwise to a suspension of 4 (5.0 g, 12.95 mmol, 1.0 equiv.) in methanol (50 ml), until pH 7.5 was adjusted. Then the reaction mixture was stirred at r. t.
(1 h) before Na 2 WO 4 × 2 H 2 O (0.29 g, 0.65 mmol, 0.05 equiv.) was added in one portion. After cooling the reaction mixture to 0 • C, 30% aqueous H 2 O 2 (3.92 ml, 28.50 mmol, 2.2 equiv.) was added (10 min). The reaction mixture was stirred at 0 • C (15 min) and after warming to r. t. stirring was continued until TLC monitoring indicated complete consumption of the starting material (2 h 45 min). The solvent was removed in vacuo and the remaining residue was dissolved in dichloromethane (40 ml). The organic layer was washed with brine (2 × 40 ml) and then the aqueous layer extracted with dichloromethane. The combined organic layer was dried (MgSO 4 ) and the solvent removed in vacuo yielding 5.78 g of 1 as a pale yellow oil. Purification by flash chromatography on silica (ethyl acetate/methanol 80 : 1) afforded 1 (1.76 g, 73%, 9.45 1488, 1457, 1432, 1399, 1365, 1349, 1339, 1305, 1282, 1250, 1214, 1171, 1131, 1085, 1023, 986, 970, 932, 884, 845, 722, 694 
[3+2] Cycloaddition reactions of nitrone 1 with alkenes in solution
General procedure: Nitrone 1 was dissolved in THF and the alkene (3.0 equiv.) was added. Then the reaction mixture was heated to reflux until TLC monitoring indicated complete consumption of the starting material. The solvent was removed in vacuo and the resulting crude product was purified by flash chromatography on silica or by preparative RP-HPLC.
Cycloadduct ( 2-oxo-piperazine), 1502, 1461, 1399, 1389, 1380, 1359, 1338, 1295, 1219, 1207, 1189, 1149, 1075, 1054, 987, 944, 934, 902, 836, 731, 724, 575, 530, 491 H 5.22, N 10.36; found C 48.70, H 5.43, N 9.92 1H; 1H; 1H; 3.32 (d, 1H, 3 J = 10.05 Hz; 1H; 1.34 (d, 3H, 3 J = 6.00 Hz; 1491, 1436, 1404, 1373, 1344, 1292, 1277, 1201, 1179, 1103, 1078, 1037, 998, 974, 938 1600, 1560, 1491, 1438, 1412, 1364, 1345, 1290, 1214, 1182, 1067, 994, 815 
